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Abstract 
Microwave range had been widely used for heating processes. In this work 
theoretical and experimental results on manufacturing of expandable polys-
¢ȱȱęȱȱȱŘǯŚśȱ	
£ȱȱǯȱȱȱ
temperature distribution were performed using the software Comsol Multi-
physics®. In order to increase the material absorption to microwaves, several 
solvents as ethanol, a mixture of ethanol/water and hydrogen peroxide were 
tested. Temperature distribution inside material was measured with an in-
frared laser sensor. Microwave heating allows Expanded Polystyrene Styro-
foamȱǻǼȱȱȱŗŞŖȱǰȱȱȱȱȱ
time reduction compared with traditional processes where drying time may 
take up to one day.
doi:10.1016/j.riit.2016.01.002
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Resumen 
El rango de microondas se ha  utilizado ampliamente para procesos de calentamien-
to. En este trabajo se presentan estudios teóricos y prácticos de la manufactura de 
poliestireno expandible mediante calentamiento por microondas a 2.45 GHz. Se 
realizaron simulaciones de incremento de temperatura y su distribución en el mate-
ȱ£ȱȱ ȱȱ¢țǯȱȱȱęȱȱȱ
la absorción del material a microondas, se realizaron experimentos con diferentes 
ȱȱȱǰȱȱ¡ȱ¢ȱȱęǯȱȱàȱȱ-
ción de temperatura dentro del material mediante un sensor de láser infrarrojo. El 
calentamiento por microondas del material permite el espumado del poliestireno ex-
pandible (EPS) en 180 segundos, alcanzando una reducción considerable del tiempo 
de fabricación en comparación con procesos tradicionales en los cuales el tiempo de 
secado puede durar hasta un día.
Descriptores: 
 microondas
 manufactura y poliestireno
Introduction
Polystyrene foam is a polymer produced from styrene 
monomer known as styrofoam; their use in food and 
electronics packaging, airplane and automotive parts, 
ȱ ǰȱ ȱ ǰȱ ȱ ȱ ȱ ȱ
ȱȱ¢ȱȱȱȱěȱȱȱȱ
 ȱǻȱȱ¢Ǽǰȱ¢ȱȱǰȱ ȱ-
mal conductivity, and low cost of production (Warsiki 
et alǯǰȱŘŖŗŘǲȱĵȱet alǯǰȱŘŖŖŝǼǯȱȱȱ
in polymeric foams has been increased due to new 
emerging applications and the ability to foam a variety 
of polymeric materials or composites. Despite their suc-
cess, the continuous growth in research of foamed po-
lymers into new markets depends on the ability to 
enhance control over its mechanical structure and per-
formance (Emami et alǯǰȱŘŖŗŚǼǯ
ȱ ¢ȱ ȱ ȱ ¢ȱ
ȱȱ¢ȱ¡ȱȱ ȱȱĚȱǻ-
Ǽȱȱȱ£ȱ¢ȱȱǰȱ
which induce phase separation, resulting in formation 
ǻǼȱ ȱ  ȱ ȱ ȱ ȱ ȱ ¢ȱ
¡ȱǻĵȱȱ¢ǰȱŘŖŗřǼǯȱ¢¢ȱ
foaming has been extensively studied, for example, re-
cently Nistor et alǯȱ ǻŘŖŗřǼȱ ȱȬȱ ȱ
ȱȱȱȱĚȱȱȱȱȱ
ȱȱǰȱȱŘ as high-pressure induc-
tor. They observed that foam heat insulation properties 
improve with increasing porosity, and that toluene re-
ȱȱȱ¢ȱ¢ȱȱȱȱ£ȱ
and lowering the thickness of the compact skin at the 
ęȱǯȱ	·£ȱet alǯȱǻŘŖŗŚǼǰȱȱ¢¢ȱ
ȱ ȱ ȱ ȱ ȱ ȱ Ř as foa-
ȱǯȱ¢ȱȱȱěȱȱǰȱ-
rature, concentration of the solution, contact time and 
vent time over the diameter of cells, its standard devia-
tion and the cells density, observing that the most suita-
ble conditions to foam polystyrene from limonene 
ȱ ȱşŖȱǰȱřŖǚǰȱŖǯŗȱȱȱ¢¢Ȧȱ-
ǰȱŘŚŖȱȱȱȱřŖȱȱǯȱǰȱ
foaming process strongly depends on solvent type and 
how temperature is raised. Usually, natural gas or fos-
ȱȱȱȱȱȱǯȱ
 ǰȱȱ-
crease in their prices and the pollution factor leads to 
ęȱ ȱȱȱǻȬ¡Ǽȱȱ-
ǯȱȱ ȱȱȱ-
¢ȱȱ ȱȱȱȱĜȱȱ
option for processes involving heating increase in poly-
ȱǻȱȱęǰȱŘŖŗŗǼǯȱȱet alǯȱ ȱ ǻŘŖŗŗǼǰȱ
used microwave irradiation as the source of energy for 
¡ȱȱȱŘȬȱȱ¡ȱǰȱ
 ǰȱ¢ȱȱȱȱȱȱěȱ ȱ
ȱȱȱȱȱȱ¢ȱȱȱǯ
ȱ ȱȱ ȱ£ȱęȱ
ȱȱȱȱ ȱȱȱȱ
of heating throughout polystyrene foaming, and using 
ethanol, a mixture of ethanol/water and hydrogen pe-
roxide as expansion agents. Advantages of this method 
includes fast heating, low-cost process, and indepen-
dence of fossil fuels. 
Methods and procedures
ȱȱ ȱ £ȱ ȱęǰȱ ¡ȱ
and numerical simulations using Comsol Multiphysics® 
were performed. 
([SHULPHQWDOIRDPLQJSURFHVV
ȱȱŗřŖȱȱȱ¡ȱ¢¢ȱ
 ȱȱ¢ȱȱŘŖȱȦř and thermal conductivity of 
ŖǯřśȱȦȉȱ ȱ£. To increase the radiation ab-
sorption, experiments in conjunction with three sol-
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Ǳȱǰȱȱ¡ȱŘśǱŝśȱ ǯȦ ǯȱȱ Ȧȱȱ
and hydrogen peroxide were performed. Purity of 
ȱ £ȱ  ȱ şŜƖǯȱ ȱ  ȱ ȱ -
¢ȱȱȬ¡ȱȱȱ ȱȱ¢ǯȱȱ
ǰȱȱ ȱȱȱŗŞŖȱȱȱȱ-
mercial microwave oven with maximal power PȱƽȱşśŖȱ
ȱȱ¢ȱfȱƽȱŘǯŚśȱ	
£ȱȱ ȱȱȱŗǯȱȱ
order to determinate thermal distribution, measure-
ments of foamed material were performed using an in-
frared laser measurer fabricated by Extech Instruments 
ȱŚŘśŗŖǯȱȱȱ ȱȱ
ȱȱǰȱǰȱĴȱȱȱȱǻȱŗǼǯȱ
0DWKHPDWLFDOPRGHOLQJDQGVLPXODWLRQ
ȱȱ ȱ ȱ ȱ ȱ ǰȱ ȱ
ȱȱȱȱǯȱȱȱȱ
water present favorable conditions to be heated when 
they are irradiated by microwave. ǯȱǻŗǼȱȱǻŘǼȱ-
be the process of microwave heating (Warren et al., 
ŘŖŗŘǼǯ
  abspd qTkt
TC  
w
wU ȱ ȱ ǻŗǼ
2Eq effabs HZ cc ȱȱ ȱ ǻŘǼ
ȱǯȱǻŗǼȱ
Ud  = material density 
Cpȱȱƽȱęȱȱȱȱȱ
k  = thermal conductivity 
qabs  = absorbed volumetric power density 
ȱǯȱǻŘǼȱ
wȱȱ ƽȱȱ¢
H”ěȱ= (s/ZHŖǼ ƽȱ¢ȱȱȱȱ¡ȱĴȱ
  ty from the material which is also known as loss 
   tangent (tgGǼȱ
V  = material conductivity 
HŖȱȱ ƽȱȱȱĴ¢ȱ
Eȱȱ ƽȱȱę
ȱ ȱ ȱ ȱ ȱ  ȱ ȱ
energy transfer to the materials such as polystyrene to 
ȱȱ¡ȱȱȱȱ-
ring process. The property that determines the absorp-
ȱ ȱ ȱ ęȱ ȱ ¢ȱ  ȱ ȱ ȱ
conversion to heat is the complex dielectric constant. 
This parameter is composed by the dielectric constant 
of the material that represents the capacity to store elec-
tric charge, and the loss tangent (ΈǼǰȱ ȱȱȱ-
sorption level of radiation that is transformed to heat. 
ȱŗȱ ȱ ȱȱȱȱȱ
ǻǰȱŘŖŗŗǼǯȱȱ ȱȱȱ ȱȱȱ
ȱ ȱ ǯȱ 
ǰȱ ȱ ȱ ȱ ȱ
ȱȱȱȱ¡ȱȱȱȱĜȱȱ
ȱȱ ȱ . 
ȱȱȱȱȱȱȱȱřȱ-
mal distribution simulations were performed in the 
software COMSOL Multiphysics 4.3ǯȱȱ£ȱ
ȱ ȱȱȱŘǯ
ȱȱ Řǰȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ
ȱȱȱȱȱȱǯȱȱĴ-
vity is a complex number where the real part represents 
the dielectric constant of material and the complex 
)LJXUH([SHULPHQWDOVFKHPHDPDWHULDOPLFURZDYHPDQXIDFWXULQJEWHPSHUDWXUHPHDVXUHPHQWV
D      E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number means material absorption or loss tangent 
 ȱ ȱ ȱ ȱ ȱ ȱ ś¡ŗŖȬŝȱ ȱ ś¡ŗŖȬřȱ ǻ£¢ȱ et al., 
ŗşşŞǼǯȱȱ¢ȱȱŗȱȱȱȱ-
ȱȱȱěȱ¢ȱȱęǯȱȱ-
¢ȱȱȱ¢ȱȱȱĴȱȱȱȱ
thickness in a direction normal to a surface of unit area, 
due to a unit temperature gradient. According to Aske-
ȱǻŘŖŖŗǼȱȱȱȱȱ¢¢ȱȱŖǯŖŘşǯȱ-
¢ȱȱȱȱȱȱȱǰȱȱȱŗŖȱȱ
śŖȱ Ȧřȱ ǻǰȱ ŘŖŖřǼǯȱ ¢ǰȱ ȱ ¢ȱ ȱ ȱ
amount of heat needed to raise the temperature of the 
¢ȱ¢ȱȱǯȱȱ¡ȱ¢¢ȱȱ-
ȱȱŗŘŗŖȱȦǻȘǼȱǻȱȱĴǰȱŗşşşǼǯ
Results and discussion
([SHULPHQWDOUHVXOWVRI(36IDEULFDWLRQXVLQJVROYHQWV
In order to study the repeatability of manufacturing 
ǰȱȱ¡ȱ ȱȱ¡ȱǯȱ-
ȱȱȱȱ¡ȱ ȱǰȱ ȱŗŘŖȱ-
conds of microwave heating presented expansion as 
ȱ ȱ ȱ ȱ ǯȱ 
 ǰȱ
ȱ ȱȱȱ ȱȱǯȱȱŗśŖȱ
seconds, humidity was eliminated, but the material 
presented easy detachment of polystyrene pearls. At 
ŗŞŖȱȱȱ ȱǰȱ¢ȱȱ-
ȱ ȱ ȱ ȱȱȱ ȱȱ ǻȱ
ŘǼǯȱȱ ȱȱȱȱȱ¡ȱȱ Ȧ
ȱ ȱȱȱȱȱŚǱřǯȱȱȱȱȱŗŘŖȱ
ȱŗŞŖȱȱ¢ȱȱȱȱ ȱ
ȱǻȱŘǼǯ
Ĵȱȱ ȱȱ ȱ¢ȱ¡-
ȱ ȱȱȱǯȱȱȱǰȱȱŗŞŖȱǰȱ¡-
ȱȱȱȱȱǰȱȱ¢ȱ
ǻȱřǼǯȱ
Due favorable results achieved with hydrogen pe-
¡ǰȱ ȱ ȱ  ȱ ȱ ȱ ȱ
particular case. Experimental thermal distributions of 
ȱ ȱ ǰȱ Ĵǰȱ ȱ ȱ ȱ ȱ ȱ-
crowave heating with hydrogen peroxide are shown 
ȱ ȱ Śǯȱ ȱ  ȱ ȱ ¢ȱ ȱ ƹŜȱ oȱ ȱ
ǰȱ Ĵȱ ȱ ȱ ǯȱ 
 ǰȱ ¢ȱ ȱ
center was rŘřȱoǯ
7DEOH&ODVVLILFDWLRQRIVROYHQWVIRUPLFURZDYHDEVRUSWLRQ

ȱǻΈǁŖǯśǼ ȱǻŖǯŗǀΈǀŖǯśǼ  ȱǻΈǀŖǯŗǼ
Ethanol Acetic acid 
Dimethyl sulfoxide ŗǰŘȬ£ Ethyl acetate
Methanol Ȭ¢ȬŘȬ¢ Toluene

¢ȱ¡ Water 
¡
7DEOH(36SURSHUWLHVFRQVLGHUHGLQWKHVLPXODWLRQ
Property Value Unit
Electric conductivity Ŗ Ȧ
ȱĴ¢ ŘǯŝȬŖǯŖŖŖŗŚŗȘ dimensionless
Relative permeability ŗ dimensionless
Thermal conductivity ŖǯŖŘş ȦǻȘǼ
Density ŘŖ Kg/mř
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Numerical simulation results
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Theoretically, this is mostly originated by the electric 
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on top sections of lateral sides showed agreement with 
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tion of temperature with respect to time is depicted in 
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Discussion of results
Experimental results showed that the use of ethanol as 
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fast increase in temperature, it produces moisture or 
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sent an issue in industrial processes. The same problem 
was observed for mixture of ethanol and water. Moistu-
re problem can be solved increasing time exposure to 
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sents an increase in cost production. In the other hand, 
the use of hydrogen peroxide showed elimination of 
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mulations showed a temperature range on the system 
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This variation may be associated with the conditions of 
measurements at the center of the material. In this case 
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other hand, measurements in lateral sides, top, and 
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Conclusions
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and a mixture of water/ethanol were demonstrated. 
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mulation and experimental results showed non-uni-
form thermal distribution, which depends of microwave 
 ǰȱȱȱȱęȱǯȱȱ
studies could include the implementation of longer 
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